Rods are Acting in the Light and Cones are Inhibited in the Dark. Tohoku J. Exp. Med., 1989, 157 (4), [365][366][367][368][369][370][371][372] The light-and color detection thresholds were measured at three different states of retinal adaptation, i.e., light-and dark adapted states and the intermediate state which was obtained just before the Kohlrausch kink in the course of dark adaptation. At 20° from fixation in the nasal visual field, the wavelength function was examined. The color threshold was higher in the dark adapted state than in the state just before the kink, and the amount of increase was more prominent when the wavelength of the stimulus light was closer to the peak wavelength of rod sensitivity. It was concluded that the rod activation interferes with the cone sensitivity, and that the interference effect becomes stronger as a function of the responsiveness of rods. On the other hand, the spectral sensitivity curve determined in the light adapted state could be divided into two parts. The curve for shorter wavelength than 500 nm was well fitted by the scotopic luminosity curve, suggesting that the light threshold for shorter wavelength is determined by the rod system even in the light adapted state.
Two different systems are in the human retina : the rod system is very sensitive in the dark and the cone system, spatial and temporal resolutions of which are much higher than those of the rod system, works in the light. The functional difference between the rod-and cone systems has been most conveniently demonstrated by constructing a dark adaptation curve (Suzuki et al. 1979 ). The increase of the human retinal sensitivity during dark adaptation process has been expressed by a two-limbed curve with a noticeable break, the Kohlrausch kink, occurring after about 7 min in the dark (see, for example, Cornsweet 1970; Grusser and Grusser-Cornehls 1978) . The first part of the curve has been assumed to be due to a rapid increase of the cone system while the second part to the increasing sensitivity of the rod system. Accordingly, the kink has been postulated to be caused by the crossover of the dark adaptation curves of rods and cones, respectively, and the cone sensitivity to be almost at the same level after the kink.
However, the cone sensitivity was found to decrease after the Kohlrausch kink while the rod sensitivity was progressively increasing (Sugita and Tasaki 1988a) . It was suggested that the rod activation interferes with the cone sensitivity and that the interference effect becomes stronger as rods become progressively more dark adapted (Sugita and Tasaki 1988b) . One of the objectives of the present study was to examine this suggestion.
Recently the rod system was also turned out to be acting even before the Kohlrausch kink (Sugta and Tasaki 1988b). Furthermore, several different lines of findings indicated that the kink was not caused by the crossover of the dark adaptation curves of rods and cones, respectively, but by the abrupt increment of rod sensitivity (Sugita and Tasaki 1988b; Sugita et al. 1988 ; Itabashi et al. in preparation).
Another objective of this study was to investigate the rod sensitivity before the Kohlrausch kink in the course of dark adaptation.
METHODS
Subjects. All figures represent data from Y.S., a relatively experienced psychophysical observer with normal vision. Two other observers were tested and similar results were obtained from all of them. The observer's head was stabilized with a bite bar, and all tests were made on the right eye.
Apparatus. All stimuli were produced by a simple optical system. The light source was a 150 W xenon lamp. The light flash was presented through a light guide. The distance between the cornea and the end of the light guide was 57.6 cm. The neutral density filter, the interference filter and the shutter were placed between the xenon lamp and the other end of the light guide. The maximum intensity (indicated as "0" log units in the text and figures) at the end of the light guide was 331 W. Fixation spot was a red light emitting diode (Stanley Electric, type BR5534S, wavelength 660 nm, halfband width 30 nm) placed 57.6 cm from the cornea. A 250 W tungsten lamp was placed 30 cm from the cornea to ensure uniform light adaptation before dark adaptation.
Procedure. The light-and color detection thresholds were measured at three different states of adaptation, i.e., light-and dark adapted states and the state just before the Kohlrausch kink in the course of dark adaptation. The effect of wavelength was examined. The duration of the light flash was 100 msec. The inter-stimulus interval was 10 sec. All tests were made at 20° from fixation in the nasal visual field.
RESULTS

Dark adaptation process
After 5 min of light adaptation, the subject was dark adapted for 40 min. During the course of this dark adaptation, the light-and color detection thresholds to the yellowish green light flash (wavelength 555 nm) were measured. As can be seen in Fig. 1 , the light detection threshold decreased rapidly and then very slowly until about 15 min. After 15 min, however, it began to decrease rapidly again. The increase of retinal sensitivity is therefore expressed by a two-limbed curve with a noticeable break, the Kohlrausch kink, occurring at about 15 min. On the other hand, the color detection threshold did not coincide with the light threshold from the beginning.
The color threshold was about 1.5 log units higher than the light threshold at first. Spectral sensitivity curve at different states of adaptation After 40 min dark adaptation, the wavelength function of absolute light sensitivity was first examined. The peak of the spectral sensitivity curve was about 500 nm and the curve was well fitted by the CIE (Commission Internationale de l'Eclairage) scotopic luminosity curve (indicated by a solid line in Fig. 2 ). The spectral sensitivity curve determined in the dark adapted state is therefore considered to reflect the spectral absorption characteristics of the rods.
Next, the subject was light adapted by a diffusing light from three 250 W tungsten lamp. The wavelength function of light sensitivity was again examined. The peak of the spectral sensitivity curve was about 555 nm whereas that obtained in the dark adapted state was about 500 nm, indicating the so called Purkinje shift. The part of the curve for longer wavelength than 555 nm was well fitted by the CIE photopic luminosity curve (indicated by a dashed line in Fig.  2) . However, the remaining part of the curve for shorter wavelength than 500 nm was quite different from the photopic luminosity curve. It rather coincided with the scotopic luminosity curve. Finally, the spectral sensitivity curve was determined just before the Kohlrausch kink in the dark adaptation process. As is shown in Fig. 1 , the light threshold decreased rapidly for the first 8 min of dark adaptation.
Thereafter, it remained at the same value until the kink. The wavelength function of light sensitivity was examined during this critical period when the retinal sensitivity could be considered to be almost constant. The spectral sensitivity curve determined during this period was similar to that determined in the light adapted state (Fig. 2) . The part of the curve for longer wavelength than 555 nm was well fitted by the CIE photopic luminosity curve whereas the remaining part by the CIE scotopic luminosity curve. 
Spectral sensitivity curve for color detection
The spectral sensitivity curve is determined by examining the wavelength function of the light threshold. Here, we determined the curve by measuring the color detection threshold in three different retinal adaptive states. The same procedure was employed as had been used to determine the above mentioned spectral sensitivity curve. As can be seen in Fig. 3 , the spectral sensitivity curves for color detection were quite different from those for light detection (cf., Fig. 2) . Furthermore, none of these three curves was fitted by the photopic luminosity curve. Of special interest is that, in the mesopic and scotopic conditions, the sensitivity for color detection was quite low around 555 nm, whereas the peak of the CIE photopic luminosity curve is around 555 nm.
The color sensitivity in the dark adapted state was lower than that in the mesopic state (Fig. 3) whereas the light sensitivity in the dark adapted state was higher than that in the mesopic state (Fig. 2) . These results indicated that the color sensitivity was decreased after the Kohlrausch kink in the course of dark adaptation.
The amount of decrease in color sensitivity as a function of the wavelength of the light flash is represented in Fig. 4 . The amount of decrease was most prominent around 500 nm of wavelength. Furthermore, the amount of decrease versus wavelength relation was well fitted by the CIE scotopic luminos- 
DISCUSSION
Sugita and Tasaki ( 1988b) found that the rod activation intereferes with cone sensitivity and the interference effect becomes stronger as rods become progressively more dark adapted, and that the rod system is also acting even before the Kohlrausch kink in the course of dark adaptation.
These findings were confirmed in the present study.
The light threshold before the Kohlrausch kink in the course of dark adaptation has been assumed to be determined only by the activity of the cone system (see, for example, Cornsweet 1970; Grusser and Grusser-Cornehls 1978). The color of the stimulus light should therefore be detected by the observer until the kink, even though the intensity of the stimulus was just the threshold level. However, the light threshold was found out to become lower than the color threshold even before the kink (Sugita and Tasaki 1988a, b) . Furthermore, the light threshold was shown to be unaffected by changing the region of the pupil where the light entered the eye, suggesting that the light threshold was determined by the rod system even before the kink (Sugita and Tasaki 1988b) . In the present study, the dissociation of thresholds for light-and color detection was much more remarkable than had been shown by Sugita and Tasaki (1988b) , presumably because of the difference of the tested retinal region. Tests in the present study were made at 20° from fixation where rods are most densely packed (Pirenne 1967) , whereas Sugita and Tasaki (1988b) tested only up to 12° from fixation.
As mentioned above, it was suggested that the light threshold is determined by the rod system even before the kink. This was indeed confirmed by the of wavelength.
The solid line present study. The spectral sensitivity curve determined just before the kink in the course of dark adaptation seems to be divided into two parts. The part of the curve for shorter wavelength than 555 nm was well fitted by the CIE scotopic luminosity curve, suggesting that the spectral sensitivity for shorter wavelength was determined by the rod system. It can therefore be deduced that the Kohlrausch kink is not caused by the crossover of the dark adaptation curves of rods and cones, respectively, but by the abrupt increment of the rod sensitivity. The spectral sensitivity curve determined in the light adapted state could be also divided into two parts. Of special interest is that the part of the curve for shorter wavelength than 500 nm was well fitted by the CIE scotopic luminosity curve, suggesting that the light threshold for shorter wavelength was determined by the rod system even in the light adapted state. Rods were assumed to increase its sensitivity with some time constant during the course of dark adaptation (see, for example, Cornsweet 1970 ; Grusser and Grusser-Cornehls 1978) . If this is the case, the rod sensitivity should be extremely low in the light adapted state. However, the present study demonstrated that, at least in the retinal region where rods are densely packed, the rod sensitivity is much higher than estimated and the rod system is taking a role in determining the light threshold even in the light adapted state. Sugita and Tasaki (1988a) showed that the cone-mediated color sensitivity decreases as rods become progressively more dark adapted. They also found that the decrement of the color sensitivity is more prominent at the retinal position where rods are more densely packed (Sugita and Tasaki 1988b) . The present study demonstrated that the amount of decrease of the color sensitivity becomes larger as the wavelength of the stimulus light is closer to the peak wavelength of the rod sensitivity. Taken together, it can be concluded that the rod activation interferes with the cone sensitivity, and that the interference effect becomes stronger as rods become more dark adapted, i.e., the responsiveness of rods becomes higher.
The photopic luminosity curve is usually determined by testing the foveal region which contains mostly cones (see, for example, Cornsweet 1970 ; Grusser and Grusser-Cornehls 1978). The wavelength information of the light is assumed to be processed only by cones. The spectral sensitivity curve determined by measuring the color threshold was therefore expected to be identical to the photopic luminosity curve. However, the spectral sensitivity curve for color detection was quite different from the photopic luminosity curve. The reason of this contradiction remains to be answered.
